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Summary. Electron spin resonance (ESR) studies of human
erythrocyte ghosts labeled with 3-nitroxide stearate, 1(12.,3), in-
dicate that a temperature-dependent lipid phase separation oc-
curs with a high onset at 38°C. Cooling below 38°C induces
1(12,3) clustering. Similar phase separations were previously
identified in human platelet and cholesterol-loaded [cholesterol/
phospholipid molar ratio (C/P) = 0.85] rat liver plasma mem-
branes [L.M. Gordon et al., 1983; J. Membrane Biol. 76; 139—
149]; these were attributed to redistribution of endogenous lipid
components such that 1(12,3) is excluded from cholesterol-rich
domains and tends to reside in cholesterol-poor domains. Fur-
ther enrichment of rat liver plasma membranes to C/P ratios of
0.94-0.98 creates an ‘‘artificial’’ system equivalent to human
erythrocyte ghosts (C/P = 0.90), using such criteria as probe
flexibility, temperature dependent 1(12,3) clustering; and polarity
of the probe environment. Consequently, cholesterol-rich and
-poor domains probably exist in both erythrocyte ghosts and high
cholesterol liver membranes at physiologic temperatures. The
temperature dependence of cold-induced hypertonic lysis of in-
tact human erythrocytes was examined by incubating cells in 0.9
M sucrose for 10 min at 1°C intervals between 9 and 46°C (Stage
1), and then subjecting them to 0°C for 10 min (Stage 2). Plots of
released hemoglobin are approx. sigmoidal, with no lysis below
18°C and maximal lysis above 40°C. The protective effect of low
temperatures during Stage 1 may be due to the formation of
cholesterol-rich domains that alter the bilayer distribution and/or
conformation of critical membrane-associated proteins.
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Introduction

Convincing evidence indicates that discrete lipid
domains exist in erythrocyte plasma membranes.
For example, phospholipids are asymmetrically ar-
ranged about the outer and inner leaflets, with nega-
tively-charged lipids predominating in the cytosol
half of the bilayer [34]. Distinct clusters of phos-
phatidylserine and phosphatidylethanolamine have

been detected with the use of cross-linking agents
[31]. Moreover, separate pools of phosphatidylcho-
line [41] were identified using phospholipases as hy-
drolyzing agents. Another important constituent,
the neutral lipid cholesterol, is inhomogeneously
distributed [1, 12, 24], Nonrandom lipid ordering
may be responsible for those restricted lipid do-
mains previously identified in erythrocyte mem-
branes [44].

Since membrane lipids associate on the basis of
weak, noncovalent interactions (e.g., hydrophobic
and electrostatic), physical properties of erythro-
cyte lipid domains are probably sensitive to temper-
ature changes. Indeed, temperature-dependent lipid
phase transitions (or separations) have been re-
ported in the range 11-41°C using a variety of physi-
cal-biochemical techniques [3, 6, 13, 14, 23, 35, 43,
45, 47, 48]. Considerable uncertainty remains, how-
ever, concerning the exact nature of those lipid do-
mains participating in the above melting phenom-
ena.

Here, the thermotropic lipid phase separation in
human erythrocyte ghosts is investigated by study-
ing the temperature-dependent flexibility and clus-
tering of the S5-nitroxide stearate spin probe,
1(12,3)!. To test whether cholesterol content is an
important modulator of thermotropic lipid phase
separations in high-cholesterol membranes, we sim-
ilarly examine rat liver plasma membranes enriched

U Abbreviations used: 1(12,3), the N-oxyl-4',4’-dimethylox-
azolidine derivative of 5'-ketostearic acid; DSC, differential
scanning calorimetry; ESR, electron spin resonance; I(5,10), the
N-oxyl-4' 4'-dimethyloxazolidine derivative of 12'-ketostearic
acid; I(10,3), the N-oxyl-4',4’-dimethyloxazolidine derivative of
5'-ketopalmitic acid; NMR, nuclear magnetic resonance; C/P,
the cholesterol/phospholipid molar ratio; L, liquid lipid domains;
QCC, quasicrystalline cluster lipid domains; S, solid lipid do-
mains; CIHL, cold-induced hypertonic lysis of erythrocytes.
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Fig. 1. ESR spectrum of I(12,3)-labeled human erythrocyte
ghosts at 37°C, recorded using a Varian E-104A spectrometer
with a 4-min scan time, 5 x 10* receiver gain, 2 G modulation
amplitude and 0.5 sec time-constant. Outer peaks were magnified
by recording at 5 % 10° receiver gain and 16-min scan time. The
outer and inner hyperfine splittings, 27 and 27 , were measured
as shown; 2T, was corrected by the addition of 1.6 G [21]. The
peak-to-peak linewidth of the central line in the spectrum (AH) is
indicated. The pg probe/mg membrane protein ratio was 3.3

with cholesterol to C/P ratios approximating those
of human erythrocytes (i.e., C/P ~ 0.9).

Materials and Methods

MATERIALS

The 1(12,3) spin probe was obtained from Syva Co., Palo Alto,
CA. All other chemicals and reagents were from Sigma Chemical
Co., St. Louis, MO.

PREPARATION OF HUMAN ERYTHROCYTE GHOSTS
AND CHOLESTEROL-ENRICHED RAT LIVER
PLASMA MEMBRANES

Ghosts were prepared from intact human erythrocytes [37]. Cho-
lesterol enrichment of purified rat liver plasma membranes was
performed by incubation with cholesterol-rich liposomes; cho-
lesterol and phospholipid determinations were as set out earlier
[46].

MEMBRANE SPIN-LABELING
AND SPECTRAL RECORDING

Methods for ESR studies were as described previously [7, 20,
21]. For spin-label studies, human erythrocyte ghosts and rat
liver plasma membranes were suspended in 50 mM triethano-
lamine-HCI, 8% (wt/vol) sucrose, pH 7.4 at 4 mg protein/mi.
Samples were used fresh or after storage at —70°C. Membrane
incorporation of I(12,3) and spectral recording were as set out
earlier [20]. The spin label/membrane ratios used were: (i) 3.3 to
30 wg I(12,3) per mg of erythrocyte protein (or 1 probe per 144 —

16 lipid); (ii) 2.5 to 27 ug 1(12,3) per mg protein of native [C/P =
0.71] liver membranes (or 1 probe per 104 — 10 lipid); and (iii) 2.5
to 27 pg 1(12,3) per mg protein of cholesterol-enriched [C/P =
0.94-0.98] liver membranes (or 1 probe per 115 — 11 lipid).
Probe/lipid was calculated assuming all lipid to be phospholipid
and cholesterol. Figure 1 shows the ESR spectrum of I(12,3)-
labeled human erythrocyte ghosts.

EVALUATION OF THE FLEXIBILITY OF THE
MEMBRANE-INCORPORATED [(12,3) PROBE

The following order parameter expressions [19] may be used to
evaluate the flexibility of the fatty acid spin probe:

T - T,
S(T) = 172 [(LT“TT—)) - 1] 1
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S(T,) = 1/2[ u T _)T ) I_ 1} @)
5= (Ty — T.)(aw) 3)
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Tyand T, for the membrane-incorporated probe are the hyperfine
splitting elements parallel and perpendicular to z’, the symmetry
axis of the effective Hamiltonian (H'), while T,, and T, are the
hyperfine splitting elements of the static interaction tensor (T)
parallel to the static Hamiltonian (H) principal nuclear hyperfine
axes x and z. Elements of T were determined by incorporating
nitroxide derivatives into host crystals: (T, T,) = (6.1,32.4) G
[7] ay’ and ay are the isotropic hyperfine coupling constants for
probe in membrane crystal [i.e., ay’ = 1/3(T) + 2T,) and ay =
1/3(T, + 2T.)]. Increases in ay' reflect a more polar environ-
ment.

If experimentally-determined low probe concentrations are
employed [36], S, S(T)) and S(T,) are sensitive to membrane
fluidity (or, more accurately, the flexibility of the incorporated
probe). S, S(T}) and S(T,) may each assume values between 0
and 1, with the extreme limits indicating that the probe samples
fluid and immobilized environments. S, which requires both hy-
perfine splittings, corrects for small polarity differences between
membrane and reference crystal. Although S(7)) and S(T.) do
not include polarity corrections, these expressions are useful
fluidity approximations [19].

DETERMINATION OF NITROXIDE RADICAL
INTERACTIONS

Estimation of probe-probe interactions [7, 20, 36] in 1(12,3)-
labeled human erythrocyte ghost and rat liver plasma mem-
branes was performed as follows. The first index of radical inter-
actions involves determining the peak-to-peak linewidth of the
central line (i.e., AH of Fig. 1)

AH = AH, + AHg, + AH, )

where AH, is the linewidth without interactions, A Hy, is the line
broadening caused by magnetic dipolar interactions and AH,y is
contributed by spin-spin exchange [7]. Enhanced probe-probe
interactions increase AH. The second measure is based on the
observation that T, , but not 7}, broadens with increasing probe
concentration in various membranes {7, 8, 36]. Consequently, for
those probe concentrations where the percent change in S(T)),



L.M. Gordon and P.W. Mobley: Lipid Domains in Plasma Membranes 77

AS(Ty), is zero, decreases in S(T,) with increasing probe con-
centration reflect enhanced 1(12,3) clustering.

MEASUREMENT OF COLD-INDUCED
HypertoNIC Lysis (CTHL)

Cold-induced hypertonic lysis of human erythrocytes was stud-
ied following the protocol of Green and Jung [22], with several
modifications. Freshly-obtained erythrocytes were washed three
times in 0.85% NaCl, and packed cells from the last wash were
used to make a 2% erythrocyte suspension in a hypertonic me-
dium, consisting of 0.877 M sucrose, 5 mm Tris-HCL, pH 7.25.
25 ul of packed erythrocytes were added to a 1.5-ml conical,
plastic microfuge tube containing 1.3 ml of hypertonic medium.
Tube and solution had been earlier equilibrated in a well at the
desired temperature (see below) and were returned to this well
after cell addition and vortexing. Time out of the well was always
less than 20 sec. After 10 min of this Stage 1 incubation, tubes
were removed, vortexed, and immediately placed in a water-ice
shurry at 0°C. After incubating for 10 min (Stage 2), tubes were
removed, vortexed, and placed in a gently-shaking room temper-
ature (RT) bath until centrifuged. The treated erythrocyte sus-
pension was centrifuged in a Beckman microfuge B for 1.5 min at
RT. Supernatant solution was withdrawn and its absorbance at
543 nm measured. Percent lysis was calculated, using as refer-
ence the average of three tubes in which 25 ul of packed cells
were incubated in 1.3 ml of distilled water for the duration of the
experiment.

The dependence of CTHL on Stage 1 temperature (9-46°C)
was examined using an Arrhenius block device. As configured in
our laboratory, the main body of the block is a solid piece of
aluminum alloy 6061, with dimensions of 0.70 X 0.05 x 0.05 m.
At each end of the block, a perpendicular extension with the
same dimensions of the main body projects downward 0.15 m.
Along the top of the U-shaped block at evenly-spaced intervals
(5 mm), 42 pairs of wells were drilled to accommodate 1.5 mi
plastic microfuge tubes. The well depth was approx. the length of
the microfuge tube, while its diameter was slightly less than that
of the microfuge tube. This allows the tube to fit snugly in the
well, while providing room beneath for a temperature-equili-
brated water reservoir. The block was placed with one leg in a
high temperature bath (GCA Precision Scientific Tempstir, 12
liter capacity) at 56°C and the other in a low temperature bath
(Exacal Constant Temperature Bath Circulator, Neslab) at 5°C.
All exposed block faces were covered with styrofoam, and 1 hr
was allowed for temperature equilibration. Well temperatures
were measured with a Tektronix digital thermometer. The Arrhe-
nius block sets up a stable, linear temperature gradient (9-46°C),
permitting rapid measurement of the effects on CIHL of varying
Stage 1 temperature in 1.0 = 0.1°C intervals. This device has
been used to assess enzyme activities in the range 0-42°C [25]
and 25-47°C [17]).

Results and Discussion

THE EFFEcTS OF 1(12,3) CONCENTRATION ON THE
ORDER PARAMETERS AND AH
OF HuMAN ERYTHROCYTE GHOST MEMBRANES

Figure 1 is the ESR spectrum of erythrocyte ghosts
labeled with a low I(12,3) concentration, and shows

A (order parameter)
8o [{(HV) Vv

ug probe/mg protein

Fig. 2. Probe concentration effects on order parameters and AH
of 1(12,3)-labeled human erythrocyte ghosts at 30°C. AS(T)) [A].
AS(T,) (@], and AS [M] are percent changes from baseline val-
ues measured at 4.0 g I(12,3)/mg protein. Control S(7,), S(T,)
and § were 0.768, 0.594 and 0.665. A(AH) [©-—-] is percent
change in AH from the baseline value of 5.25 G

that the incorporated probe undergoes rapid aniso-
tropic motion about its long molecular axis at physi-
ologic temperatures. Raising the probe/mg mem-
brane protein ratio, by addition of 1(12,3),
decreased the high-field peak of the inner hyperfine
doublet, displaced downward the high-field baseline
and upward the low-field base-line, increased 2T,
and AH, and left 27, unchanged. Similar spectral
alterations occurred with 1(12,3)-labeled whole hu-
man erythrocytes [3].

As the probe concentration was increased, §
and S(T,) decreased substantially, while S(7}) re-
mained essentially constant (Fig. 2). These order
parameter effects are most likely attributed to en-
hanced probe-probe interactions and are not due to
membrane fluidization. The broadening of T, [and
decrease in S(T',)] was closely correlated with in-
creases in AH (Fig. 2); earlier investigations have
shown that radical interactions broaden the AH of
labeled model and biological membranes [7, 36]. Re-
ductions in S and S(T,) were also associated with
such characteristic exchange-broadening effects as
the decrease in the high-field peak height of the in-
ner hyperfine doublet and the downward displace-
ment of the high-field baseline (see Fig. 2 in Gordon
et al. [20]). The finding that 7; [and S(T})] is essen-
tially unaltered for erythrocyte membranes (Fig. 2)
indicates that the ‘“‘apparent’ increase in fluidity
with probe concentration, denoted by reductions in
S and S(T,), is not the result of probe-mediated
membrane perturbations; any fluidization that per-
mits more probe flexibility requires that 7y decrease
commensurately with increases in 27", and that AH
narrows. Similar /(m,n) concentration effects on
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order parameters have been observed in many other
biological membranes [7, 38].

Nitroxide radical interactions are absent for
1(12,3) concentrations less than approx. 5 ug probe/
mg protein at 30°C (Fig. 2). Thus, the §, S(7}) and
S(T,) control values of Fig. 2 reflect ““intrinsic’’ or
“magnetically-dilute’’ order parameters [36).

It is improbable that the probe effects in Fig. 2
are due to increased dipole interactions, but rather
are the result of enhanced spin-exchange arising
from I(12,3) clustering. This is because the probe
undergoes rapid anisotropic motion at 30°C and di-
pole-dipole interactions are relatively long range,
tending to be averaged out by rapid diffusion and/or
tumbling while exchange interactions require that
labels be in van der Waal’s contact and decrease
rapidly with distance.

TEMPERATURE-DEPENDENCE OF THE
ORDER PARAMETERS OF 1(12,3)-LLABELED
HumanN ERYTHROCYTE GHOSTS

For erythrocyte ghost membranes labeled with a
low probe concentration, Arrhenius-type plots of S,
S(Tp and S(T,) (Fig. 3A) show that temperature
reductions increased each order parameter. Figure
3A also indicates that the slopes of the order param-
eter vs. 1/T(°K) curves become steeper in the fol-
lowing order: S(7,) <§ < §(Z;). No ‘‘breaks’’ char-
acteristic of thermotropic lipid phase separations
were readily apparent. However, low probe range
S(T,) and § could not be measured below 15°C due
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Fig. 3. Temperature dependence of the order parameters of
1(12,3)-labeled human erythrocyte ghosts. (A): S(T)) [A], S [M]
and S(7T,) [@®] were measured using a “‘low’’ probe concentra-
tion (i.e., 4ug probe/mg protein), while S(T)) [A], § [O] and
S(T,) [O] were obtained with a **high’” probe concentration (i.e.,
20 ug probe/mg protein). (B): A (order parameter) was the per-
cent difference between values measured at the “‘high’ and
“low’” probe concentrations of A

to slow probe motion and poorly-resolved inner hy-
perfine doublets.

Temperature effects on the order parameters
were also examined with erythrocyte membranes
labeled with a high 1(12,3) concentration (Fig. 34).
The S(T)) vs. /T(°K) curves using either low or
high probe concentrations were in excellent agree-
ment. However, high range S and S(T,) values
were considerably less than corresponding low
range order parameters for each temperature in the
range 40-22°C. A (order parameter) vs. 1/T(°K)
plots were calculated as the percent difference be-
tween values obtained at ‘“‘high’” and ‘‘low’” probe
concentrations. Figure 3B indicates that AS(T))
and AS become increasingly more negative below
approx. 38°C, while AS(7)) did not significantly
vary from zero. The invariance of S(T)) suggests
that, for “‘low’” and ‘‘high’” probe concentrations,
ESR spectra reflect only those 1(12,3) that sample
lipid domains sharing the same fluidity and polarity.
Since it is reasonable to assume that the flexibility
and polarity contributions to ‘‘low’ and ‘‘high”
range S(T)) will be equal at a given temperature [7],
AS(T)) [or, alternatively, AT, ] is here an empirical
parameter reflecting only radical interactions. It
should be recalled that S(T)) decreased as the
1{12,3) concentration increased in erythrocyte
membranes at 30°C, while S(7)) remained un-
changed (Fig. 2). The observation that AS(T,) in
Fig. 3B becomes more negative below 38°C there-
fore suggests that cooling also promotes probe-
probe interactions in human erythrocyte mem-
branes.

These findings are consistent with earlier stud-
ies of spin-labeled mammalian surface membranes. .
For temperatures less than 37, 32 or 28°C in human
platelet, rat heart, or rat liver plasma membranes,
respectively, Arrhenius-type plots of A (order pa-
rameters) indicated increased spin exchange inter-
actions due to I(12,3) clustering [17, 20].

TEMPERATURE DEPENDENCE OF THE

ORDER PARAMETERS OF I(12,3)-LABELED
CHOLESTEROL-ENRICHED RAT LIVER PLASMA
MEMBRANES

For cholesterol-enriched liver plasma membranes
[C/P = 0.96 £ 0.02, mean = sp, number of prepara-
tions = 3] labeled with a low 1(12,3) concentration,
Arrhenius plots of S(T)) indicated ‘‘breaks’ or
“‘discontinuities’’ at approx. 37 and 18°C (Fig. 4).
This suggests that a broad lipid phase separation
occurs between these temperatures that perturbs
1(12,3) flexibility. Order parameter vs. 1/T(°K) plots
were also determined for low and high probe load-
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ing (Fig. 5A). Although S(7}) of membranes labeled
with either low or high I(12,3) concentrations were
in good agreement, high-range S and S(7,) values
were much below those of membranes labeled with
a low probe concentration (Fig. 54). As Arrhenius-
type plots of A (order parameter) indicate that
S(T,) declines for temperatures less than approx.
38°C, while §(7)) remains unchanged (Fig. 5B), we
believe that cooling below the 37-38°C onset se-
questers 1(12,3).

The above thermotropic lipid phase separation
may be compared with those identified in native [C/
P = 0.71] and cholesterol-enriched [C/P = 0.85] rat
liver plasma membranes [17, 18, 20]. Using low
probe concentrations, Arrhenius-type plots of order
parameters demonstrated breaks at 28 and 19°C,

STy _y5

Fig. 4. Arrhenius plot of S(T;) for 1(12,3)-labeled rat liver plasma
membranes enriched with cholesterol. S(T;) was calculated from
Eq. (1) for membranes loaded with 6 ug I(12,3)/mg protein.
Results are means +1 sp for three preparations, with C/P of 0.98,
0.97 and 0.94; the absence of an error bar indicates the sD is less
than the symbol size

suggesting that a lipid phase separation in native
membranes perturbs 1(12,3) flexibility (17, 36]. Fur-
thermore, Arrhenius-type plots of A (order parame-
ters) indicated I(12,3) segregation below 28°C [17,
20]. For reasons discussed earlier [20], we proposed
a model in which solid (8) and liquid (L) lipid do-
mains coexist below 19°C. The 19°C break corre-
sponds to S and L being dispersed into “‘quasicry-
stalline”” clusters (QCC) and L. Here, QCC are
defined as having a packing density and fluidity be-
tween that of § and L. QCC decreases with heating
above 19°C until the 28°C transition is reached and
remaining QCC are converted into L. Conse-
quently, enhanced 1(12,3) clustering detected in A
(order parameter) vs. 1/(T°K) plots of native mem-
branes below 28°C (Fig. 6 in Gordon et al. [20])
suggests that the formation of probe-excluding
QCC tends to segregate 1(12,3) in L. The nature of
this phase separation was further examined with rat
liver plasma membranes enriched to a C/P of 0.85
[17]. Such loading decreased the probe concentra-
tion at which radical interactions are apparent at
36°C, and this was attributed to the increased for-
mation of cholesterol-rich lipid domains and to the
inability of 1(12,3) to partition into these domains
because of steric hinderance. As the temperature-
dependent probe clustering in native membranes
may be mimicked isothermally at 36°C, simply by
raising the C/P ratio (Fig. 2 in Gordon et al. [17]),
we proposed that the QCC in native membranes be-
low 28°C are cholesterol-rich domains. Loading to a
C/P of 0.85 raised the high onset of the phase sepa-
ration from 28 to 37°C, as monitored by probe flexi-
bility and clustering. Cholesterol incorporation ap-
parently recruits endogenous phospholipid to create
cholesterol-rich QCC below 37°C [17]. At physio-
logic temperatures, cholesterol loading also signifi-
cantly increases the order parameter of I(12,3)-
labeled liver membranes.

Fig. 5. Temperature dependence of the
order parameters of I(12,3)-labeled rat
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liver plasma membranes enriched with
cholesterol [C/P = 0.94]. (4): S(1;) [A],
S [M] and S(7,) [@] were measured with
a “low”’ probe concentration (i.e., 2.5 ug
probe/mg protein, while S(7}) [A], S [[]
and S(7,) [O} were obtained with a
“high”” probe concentration (i.e., 5 ug
probe/mg protein). (B): A (order parame-
ter) was the percent difference between
values measured at the ‘‘high’’ and
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Fig. 6. Effect of cholesterol enrichment on the temperature-de-
pendent fluidity of I(m,n)-labeled rat liver plasma membranes
and human erythrocytes. For rat liver plasma membranes [A]
labeled with 2.5 ug 1(12,3)/mg protein, AS(T,) is the percent
difference between the S(7)) measured for cholesterol-enriched
rat liver plasma membranes [0.94 = C/P = 0.98] with that of
native rat liver plasma membranes [0.60 = C/P = 0.71]; error
bars indicate =1 semM for four different native and cholesterol-
loaded membrane preparations. For I(5,10)-labeled human eryth-
rocytes (@], AS(T)) is the percent difference between the S(T))
measured for cholesterol-loaded [C/P = 1.90] and native human
erythrocyte membranes [C/P = 0.78] (see Ref. [42])

The present findings with I(12,3)-labeled rat
liver plasma membranes, enriched to C/P of (.94~
0.98, extend these earlier observations. Probe-
probe interactions occur at much lower ug probe/mg
protein ratios in [C/P = 0.94] membranes than in
either native [C/P = 0.71] or [C/P = 0.85] mem-
branes at 36°C (Fig. 5SB; Fig. 2 of Ref. [17]). Over
this C/P range, cholesterol incorporation progres-
sively increases the proportion of cholesterol-rich
QCC to cholesterol-poor L. Moreover, rat liver
plasma membranes enriched to a C/P of 0.94 or
higher exhibit reduced 1(12,3) flexibility at physio-
logic temperatures: the S(7)) for [C/P = 0.94-0.98]
membranes is 0.700 at 37°C, while the correspond-
ing S(T)) for [C/P = 0.85] or [C/P = 0.71] mem-
branes are 0.670 or 0.580. Interestingly, however,
loading to C/P = 0.94 did not substantially alter the
onsets of the phase separation over that seen with
[C/P = 0.85] membranes (Figs 4,5; Figs. 5A,64 of
Ref. [17]). Although cholesterol-rich and -poor do-
mains exist at physiologic temperatures in both
membranes, the inability of loading to C/P of 0.94-
0.98 to further elevate the high onset indicates that
exogenous cholesterol has only a limited capacity
to recruit constituent phospholipid in QCC.

TEMPERATURE DEPENDENCE OF ORDER
PARAMETERS AND AH oF 1(12,3)-LABELED
NATIVE AND CHOLESTEROL-ENRICHED RAT
L1vER PLaASMA MEMBRANES

Thermodependent S(7}) of native and high-choles-
terol liver membranes shows that cholesterol incor-
poration achieves effects in addition to QCC forma-
tion at high temperatures (Fig. 6). On heating above
15°C, cholesterol-enriched membranes became in-
creasingly less fluid with respect to native mem-
branes up to 42°C (Fig. 6). Such actions are in ac-
cord with the ability of cholesterol, when added to
model lipids above their bulk melting temperature,
to decrease bilayer fluidity [29]. On the other hand,
probe clustering in cholesterol-loaded membranes
(Fig. 5B) decreases with heating over the same tem-
perature range that cholesterol-enriched mem-
branes become more rigid vis-a-vis native mem-
branes (Fig. 6). This inverse relationship may be
due to the disruption of cholesterol-rich QCC,
which releases sterol into L containing probe,
thereby reducing 1(12,3) flexibility.

It is of interest that the S(T)) of native and high-
cholesterol liver membranes are similar below 15°C
(Fig. 6). Although Schreier et al. [39] emphasized
that the order parameter formalism is not strictly
applicable for such slow probe motions, S(7}) may
still be regarded as an empirical parameter sensitive
to the polarity and fluidity of the probe environment
[7]. Our findings accordingly suggest that 1(12,3)
samples similar lipid domains in each membrane at
low temperatures.

Plots of A(AH) vs. 1/T(°K), where A(AH) is the
percent change in AH induced by high probe load-
ing, demonstrate that probe-probe interaction ef-
fects were much greater at all temperatures for cho-
lesterol-enriched rat liver plasma membranes (see
Eq. (4) and Fig. 7). As I(12,3) mobility is similar in
native and cholesterol-enriched membranes at low
temperatures (Fig. 6), enhanced radical interactions
in high-cholesterol membranes cannot be simply
due to increased probe-probe interactions (i.e., di-
pole-dipole or spin-exchange) for homogeneously-
distributed label. If 1(12,3) were to uniformly parti-
tion over both native and loaded membranes, then
AHg, would be identical because of similar probe
flexibility at low temperatures (Fig. 6). Similar A H.,
would also be predicted for probe distributed homo-
geneously in each system, since probe mobility, and
by inference probe diffusion, are equivalent at low
temperatures. Since probe-probe interactions are
clearly much greater in high-cholesterol mem-
branes, the uniform probe distribution model is un-
able to account for Fig. 7. The only viable explana-
tion is that I(12,3) sequestration is responsible for
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enhanced radical interactions at low temperatures.
Consequently, the size of L sampled by I(12,3) must
be much smaller in cholesterol-loaded membranes.
Additional cholesterol/phospholipid adducts
formed in high-cholesterol membranes at high tem-
peratures are probably still associated at low tem-
peratures. The smaller size of L in cholesterol-en-
riched membranes is due to phospholipid
recruitment by exogenous cholesterol into probe-
excluding QCC, while the fluidity and polarity of
the diminished L in cholesterol-loaded membranes
remain the same as that of native membranes. A
less likely explanation is that cholesterol separates
out as a pure phase in either membrane system, or
both. Although ‘‘pockets’” of pure cholesterol
would not be expected to significantly perturb the
mobility of 1(12,3) residing in the L of cholesterol-
enriched membranes in agreement with Fig. 6, it is
difficult to see how such sterol ‘‘pockets’ would
substantially decrease the size of L, as is observed
in Fig. 7.

THE THERMOTROPIC LIPID PHASE SEPARATIONS
IN NATIVE AND CHOLESTEROL-ENRICHED RAT
L1vER PLASMA MEMBRANES AND HUMAN
EryTHROCYTE GHOSTS: ROLE OF CHOLESTEROL

These results allow us to refine an earlier model
presented to account for the temperature-depen-
dent lipid phase separation in native rat liver plasma
membranes [17, 20]. Above 28°C, bulk lipid is pro-
posed to be homogeneously-distributed as L. Below
28°C, cholesterol-rich QCC form in a cholesterol-
poor liquid lipid matrix (L’),

°C lowe
T°C lowered L, + QCC.

below 28°C

Native liver membranes: L
[C/P = 0.71}

The high temperature break is detected by spin {20,
36] and fluorescence [40] probes, DSC [30] and light
scattering [11]. Since no solid or gel phase lipid (S)
was detected in electron diffraction experiments for
temperatures immediately below 28°C [26}, we sug-
gested that the fluidity and packing density of QCC
are in between that of § and L [20]. Temperature
reductions below 28°C progressively increase the
ratio of QCC to L’. It is probable that cooling in-
creasingly depletes L’ of both cholesterol and lipids
reported to have high affinity for cholesterol, such
as sphingomyelin and acidic phospholipids [9, 10].
At 18-19°C, a low onset for the phase separation
has been noted with spin (20, 36] and fluorescence
[30, 40] probes, DSC [30], and electron diffraction
experiments on frozen and thawed membranes [26].
In the latter studies, a faint but sharp diffraction
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Fig. 7. Effect of cholesterol-enrichment of the A(AH) of 1(12,3)-
labeled rat liver plasma membranes. For native [C/P = 0.71] liver
membranes [@], A(AH) is the percent change of AH for mem-
branes labeled with a ‘‘high” (27 pg I(12.3)/mg protein) and
“low’’ (2.5 ug 1(12,3)/mg protein) probe concentration. For cho-
lesterol-enriched [C/P = 0.85] membranes [A], A(AH) is the per-
cent change in AH for membranes labeled with a "*high’” (27 ug
1(12,3)/mg protein) and “‘low™ (2.5 pg 1{(12,3)/mg protein) probe
concentration

ring was observed at a spacing of 4.1 A (indicating
S) plus a diffuse band at a spacing of 4.6 A (indicat-
ing L). The inability of Hui and Parsons [26] to de-
tect discrete diffraction band(s) arising from QCC
might be a consequence of obscuring bands due to
either the grid holding the membranes or L [20]. At
18—-19°C, we propose that

7°C lowered

i : + L —
Native membranes: QCC below T519°C

[C/P = 0.71]

QCC' + L" + 8.

Here, QCC’ and L” are cholesterol-rich and -poor
lipid domains below the 18-19°C onset. Although
the relative proportion of § was not quantitated by
Hui and Parsons [26], their diffractographs suggest
that S constitutes only a small fraction of total lipid.
As 8 consists of closely-packed gel lipid, these do-
mains must be cholesterol-free; lipid from either L’
or QCC, or both, may be recruited into S below
18°C. Although the 18-19°C transition may signal
the end of quasicrystalline cluster formation, we
cannot exclude the possibility that the ratio of
QCC’ to L” increases somewhat with decreasing
temperature.

Cholesterol enrichment profoundly modulates
the temperature-dependent lipid phase separation
of rat liver plasma membranes. The high tempera-
ture onset of QCC formation is elevated from 28°C
to 37-38°C.

7°C lowered

High-cholesterol membranes: L —————
below 37-38°C

[C/P = 0.85]

QCC + L.

As before, QCC and L’ are cholesterol-rich and
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Fig. 8. Effect of cholesterol enrichment on the onset tempera-
tures of the thermotropic lipid phase separation in rat liver
plasma membranes. Beginning and ending temperatures for the
phase separation in liver membranes (A) were assigned from
Arrhenius plots of order parameters; the high onset was also
assigned from Arrhenius-type plots of A (order parameters) (see
Fig. 5B and Results and Discussion). Proposed high and low
onsets [O] of the thermotropic lipid phase separation of human
erythrocyte ghosts are also shown (see Results and Discussion
for assignments). S represents close-packed lipid deficient in
cholesterol. QCC and QCC' reflect ““quasi-crystalline’” lipid en-
riched in cholesterol, which tend to exclude 1(12,3), and L, L', L”
represent liquid lipid. The proposed cholesterol concentrations
in the liquid lipid domains decrease in the following order: L > L’
> L

-poor domains. Cooling increases the proportion of
QCC to L until the 18-19°C break.

T°C lowered

High-cholesterol membranes: QCC + L’
below 18-19°C

[C/P = 0.85]
QCC' + L + 8(7).

QCC” and L’ are again defined as cholesterol-rich
and -poor lipid domains. It is unknown whether §
exist in cholesterol-enriched liver plasma mem-
branes, as the necessary electron diffraction experi-
ments have not been performed. For each tempera-
ture below 37-38°C, the amount of quasicrystalline
cluster lipid in high-cholesterol membranes is
greater than that in native membranes, and con-
versely, the relative amount of L is decreased.
Some information on the cholesterol content of L” is
suggested by our finding that cholesterol enrich-
ment does not decrease the fluidity of liver mem-
branes below 15°C (Fig. 6), but rather reduces the
size of the liquid lipid pool sampled by 1(12,3) (Fig.
7). As electron diffractographs of native membranes
show large amounts of L below 15°C, cholesterol
incorporation into these disordered lipid domains
would be expected to decrease the fluidity. Since
1(12,3) shows no reduction in flexibility, we propose
that L” is cholesterol-deficient and that the relative
cholesterol concentrations in the liquid lipid do-
mains of either native or high-cholesterol mem-
branes decrease as follows: L > L’ > L.
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Fig. 9. Temperature dependence of the order parameters of
1(12,3)-labeled human erythrocyte ghosts and native [C/P = 0.71]
and cholesterol-enriched [C/P = 0.94] rat liver plasma mem-
branes. (4): S(T)) [A], S(T.) [@] and S [M] were determined
from erythrocyte ghosts labeled with 15 pg 1(12,3)/mg protein,
while S(Ty) [A], S(T.) [O] and § [(J] were obtained from native
rat liver plasma membranes [C/P = 0.71] labeled with 2.7 ug
1(12,3)/mg protein. (B): S(T)) [A], S(T,) [®] and S [M] were mea-
sured from erythrocyte ghosts labeled with 15 pg 1(12,3/mg pro-
tein, while S(T)) [A], S(T,) [C] and S [(O] were obtained from
cholesterol-enriched [C/P = 0.94] rat liver plasma membranes
labeled with 2.5 pg 1(12,3)/mg protein

A phase diagram summarizing the above model
for native and cholesterol-modulated rat liver
plasma membranes is shown in Fig. 8.

This model accounts for why ‘‘breaks’ in Ar-
rhenius-type plots of native [17, 36] and choles-
terol-enriched (Fig. 4) liver membranes are not as
dramatic as thermal profiles of pure lipids undergo-
ing highly cooperative transitions [28]. Here, we
postulate that 1(12,3) is excluded from both QCC
and S, and formation of domains with low
cooperativity exerts only ‘‘second-order’ perturba-
tions on spin probe mobility. Conversely, Arrhe-
nius-type plots of A (order parameters) are exqui-
sitely sensitive to the ratio of QCC to L, as
increases in this ratio greatly enhance probe cluster-
ing and radical interactions. Such an assignment is
consistent with inhomogeneous distribution of spin
probes in mixed lipids of differing fluidities [2].

Spin-label studies on human erythrocyte ghosts
[C/P = 0.90] suggest that a thermotropic lipid phase
separation occurs involving cholesterol redistribu-
tion, analogous to that of cholesterol-enriched rat
liver plasma membranes. First, Arrhenius-type
plots of A (order parameter) indicate that both mem-
branes segregate 1(12,3) below 37-38°C (Figs. 3B
and 5B). Second, cholesterol-loading of liver mem-
branes achieves a system which cannot be distin-
guished from human erythrocyte ghosts, with re-
spect to order parameters over a wide temperature
range (Fig. 9B); on the other hand, order parame-
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ters of native rat liver plasma membranes and hu-
man erythrocyte ghosts are very different (Fig. 94).
Furthermore, ‘‘magnetically-dilute’” ay’ for erythro-
cyte ghosts (15.57 = 0.05 G) and cholesterol-en-
riched liver plasma membranes (15.66 = 0.06 G) are
in good agreement at 37°C, while that of native liver
membranes is 15.29 = 0.05 G (errors are sb, with n
= 3). Cholesterol incorporation increases I(12,3)
polarity in liver plasma membranes, such that the
polarity of the probe environment becomes identi-
cal to that of human erythrocytes. Lastly, choles-
terol loading of erythrocyte ghosts labeled with
1(5,10) or 1(10,3) achieves effects on S(7)) analo-
gous to those observed with I1(12,3)-labeled rat liver
plasma membranes (Fig. 6; Refs. [23, 42]). On heat-
ing above 15°C, high-cholesterol erythrocyte mem-
branes become increasingly more rigid with respect
to native membranes up to 40°C. Cholesterol incor-
poration may increase the proportion of choles-
terol-rich QCC at low temperatures; on heating,
QCC are progressively disrupted and cholesterol is
released into L sampled by probes.

Remarkably, cholesterol enrichment of rat liver
plasma membranes creates an ‘‘artificial”’ system
which is degenerate with human erythrocyte
ghosts, using such diverse criteria as temperature-
dependent I(12,3) clustering and probe flexibility
and polarity. Cholesterol content appears to be an
important modulator of the thermotropic lipid phase
separations in these membranes. Given widely dif-
fering protein compositions of erythrocyte and liver
membranes, these data also raise the possibility that
proteins minimally affect the lipid phase separation.
Support for this view comes from DSC studies of
lipid-extracts of rat liver plasma membranes, in
which protein removal did not disturb the phase
separation onsets [30]. Further information on the
protein role would likely be provided by ESR exper-
iments on either model lipids mimicking the compo-
sition of these membranes or lipid-extracts of eryth-
rocyte and liver membranes.

From the above discussion, a thermotropic lipid
phase separation in human erythrocyte ghosts (C/P
= 0.90) is tentatively assigned (Fig. 8). The high
onset at 37-38°C is detected not only by I(12,3)
clustering (Fig. 3B) but also by such physical meth-
ods as spin probe flexibility [35], fluorescent probe
diffusion [14], Raman scattering [45] and DSC [D.
Bach, personal communication]. We attribute this
onsetto L— L’ + QCC, where L is homogeneously
distributed lipid, and L’ and QCC are cholesterol-
depleted and -enriched domains, respectively. Our
proposal that cholesterol-rich and -poor domains
exist in human erythrocytes is consistent with ex-
periments showing that cholesterol distributes inho-
mogeneously in this membrane [1, 12, 24]. Of

course, additional spin-label studies on cholesterol-
manipulated human erythrocyte ghosts will be re-
quired to verify this hypothesis. Although a lower
limit to the temperature-dependent phase separa-
tion was not assessed here using 1(12,3), there is
evidence for a lipid transition at 10-21°C from a
variety of physical-biochemical investigations, in-
cluding spin [23, 35, 43] and fluorescence [13]
probes, light scattering [48], viscosity [47], 3'P-
NMR [6] positron annihilation [5], Raman scatter-
ing [45] and DSC [D. Bach, personal communica-
tion]. Analogous to cholesterol-loaded rat liver
plasma membranes, this transition may correspond
toL’ + QCC— QCC’ + L". As Hui and Strozewski
[27] detected S in electron diffraction studies of fro-
zen and thawed erythrocyte membranes only at 5°C
or less, cholesterol-free S apparently does not sepa-
rate out at the 10-21°C transition.

One criticism of applying the model of Fig. 8 to
human erythrocyte ghosts is that no clearly discern-
ible “‘breaks’ occur at characteristic temperatures
in Arrhenius-type plots of order parameters. This
may be related to 1(12,3) exclusion from choles-
terol-rich QCC and cholesterol-free S, and our find-
ing that these domains minimally perturb 1(12,3)
mobility.

CoLp-INDUCED HypPeErTONIC LyYSIS (CIHL) oF
HuMAN ERYTHROCYTES

Intact erythrocytes were exposed to hypertonic me-
dium (0.9 M sucrose) at 37°C for 10 min (Stage 1),
and then cooled to 0°C for 10 min (Stage 2). Such
treatment achieves pronounced lysis, as assessed
by released hemoglobin (Fig. 10). Minimal hemoly-
sis occurred if either Stage 2 was omitted or 0.9 M
sucrose was left out of Stage 1 or 2. CIHL was
influenced by changing the temperature of Stage 1
from 9 to 46°C. Plots of % hemolysis vs. 1/T(°K)
were approx. sigmoidal, with no significant lysis be-
low 18-20°C and greatest lysis at 40°C. Varying
Stage 1 incubation time showed that % lysis in-
creased with time until a plateau was reached at
approx. 10 min, for time courses run at 15, 23, 33
and 42°C (data not shown).

The present studies support the data of Green
and Jung [22] and their hypothesis that lipid transi-
tions play critical roles in regulating erythrocyte
CIHL. The onsets of the phase separation (Fig. 8)
are closely correlated with the characteristic temper-
atures noted in Fig. 10. Here, we suggested that the
lipid phase separation in human erythrocytes is due
to the formation of cholesterol-rich QCC in a cho-
lesterol-poor L matrix. It is of some interest then
that cooling below 37°C aggregates erythrocyte
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Fig. 10. Temperature dependence of the cold-induced hemolysis
of human erythrocytes. Cells were incubated in 0.877 M sucrose
for 10 min at 1°C intervals between 9 and 46°C (Step 1) and then
subjected to 0°C for 10 min (Step 2). Percent hemolysis was
calculated as the fraction of total erythrocyte hemoglobin re-
leased after Step 2 (see Materials and Methods). Values are
means of duplicate determinations

membrane proteins, as assessed by freeze-fracture
electronmicroscopy [15, 16] or band 3 rotational
mobility [33]. Since integral proteins segregate into
cholesterol-poor domains in other membranes [4],
we propose that aggregation of erythrocyte proteins
at low temperatures is due to selective partitioning
into cholesterol-poor L. Support for this hypothesis
comes from the observation that cholesterol-enrich-
ment of human erythrocyte membranes, an action
expected to increase the ratio of QCC to L, pro-
motes band 3 protein clustering [32]. Also consis-
tent is the finding that slow freezing of erythrocytes
releases lipid microvesicles enriched in cholesterol
but depleted in intramembrane particles (integral
proteins), as determined by freeze-fracture electron
microscopy [1]. Formation of cholesterol-rich and
-poor domains and sequestering of proteins in cho-
lesterol-poor domains at low temperatures similarly
occurs in hypertonic medium, since treatment of
erythrocytes with 4 M NaCl at 0 or —11°C releases
lipid microvesicles enriched in cholesterol and defi-
cient in protein [1].

The following model is proposed to account for
certain aspects of erythrocyte CIHL. Without 0.9 M
sucrose, cholesterol-rich and -poor lipid domains
form at low temperatures and integral proteins se-
quester into cholesterol-poor domains. With 0.9 M
sucrose, erythrocyte membrane proteins are pre-

vented from normal partitioning, thereby inducing
lysis at 0°C. Lateral redistributions of membrane
proteins are believed to be crucial in CIHL for sev-
eral reasons. Although CIHL occurs for cells incu-
bated at 37°C (10 min) and then rapidly cooled to
0°C (10 min), no significant lysis occurs for cells first
incubated at 20°C (10 min) and then lowered to 0°C
(10 min). Hence, the short-term exposure to ap-
prox. 20°C that occurs for cells incubated at 37 and
rapidly cooled to 0°C is unable to blunt CIHL., while
increasing the incubation time at 20°C to 10 min
affords protection. Apparently, the rate-determin-
ing step of CIHL Stage 1 exhibits a relatively long
(~ min) relaxation time. Since phase separation of
lipids between 37 and 20°C will be complete within a
few seconds due to rapid diffusion rates, and pro-
tein conformation changes are even more rapid, one
aspect of CIHL likely to exhibit relaxation times
over a period of min is lateral diffusion of integral
membrane proteins [28]. The respective actions of
hypertonic milieu and the thermotropic lipid phase
separation on protein distributions for Stage 1
CIHL are both competitive and kinetically-con-
trolled. This model is consistent with the earlier
proposal by Green and Jung [22] that the hypertonic
milieu causes membrane-protein damage which pre-
vents normal adjustments to the lipid phase separa-
tion.
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